Boron (B) excess frequently impair plant performances and their productivity; in particular in arid and semi-arid environments. In the present experiment; hydroponically-grown 'Granny Smith' apple plants grafted on M9 rootstock were treated with optimal (25 µM) or excess (400 µM) B for 116 days to evaluate allometric responses of plants to B toxicity and to highlight physiological (photosynthesis and chlorophyll fluorescence) and biochemical (pigment content and sugar metabolism) responses of apple plants to B excess. Boron accumulated principally in top > middle > basal stems and leaves of high-B-stressed plants. Notably, the stem dramatically accumulated a higher level of B, as an attempt to preserve leaves, especially the youngest from further B accumulation. B accumulation seriously affected photosynthesis of younger leaves and caused both stomata (reduced stomatal conductance) and biochemical (reduction of apparent CO 2 use efficiency and pigment content) limitations and altered the photochemistry and energy partitioning in photosystem II. Boron excess altered leaf sugar proportion; increasing the accumulation of non-translocating sugars such as glucose and fructose. Our dataset adds knowledge on the effect of B excess in apple tree and poses serious concerns about the possible effect of B in altering sugar metabolism; which, in turn, can strongly affect fruit production of this worldwide-cropped species.
Introduction
The critical role of boron (B) for optimal plant growth has been established since the 1920s [1] . B is a microelement with uneven distribution within plants and a remarkably narrow window between essential and toxic concentrations [2, 3] . The main sources of B enrichment in the environment are the weathering of B-containing minerals and the geothermal steams, which enrich B soil and water [4, 5] . However, the most impactful source of high-concentrated B (on average 4.6 mg L −1 B) is the seawater pots (7 L) containing an inert mixture of silica sand:perlite (1:2, v/v) in a glasshouse located at the arboretum of the Agricultural University of Athens (latitude 37.981907, longitude 23.705639). Plants were irrigated every two days with a full-strength Hoagland's nutrient solution containing 25 µM B (controls) or 400 µM B (B excess). Each watering (fertigation) supplied enough solution to fill the pores (field capacity), allowing some drainage for salt leaching from the planting medium. Furthermore, with this procedure the B concentrations in the planting media were identical to the original solution [10] . Climatic parameters were monitored by weather station located inside the glasshouse. The minimum, maximum and averaged air temperature were 16, 37 and 26.5 • C, respectively. When some typical B toxicity symptoms were present in the top part of the shoots (stem, leaves) of plants treated with 400 µM B (in this experiment 116 days after the beginning of B treatments) all the experimental plants were harvested and separated into scion's shoots, rootstock's stem and root. Scion's shoots of each experimental plant were further divided lengthwise into three similar parts (basal, middle and top). Thus, top, middle and basal leaves and stems were collected separately.
To evaluate whether basal leaves were also suffering for physiological impairments due to B-excess, gas exchanges were measured in basal, middle and top fully-expanded leaves. Chlorophyll a fluorescence parameter was measured in top leaves to assess possible damages to photosystem II (PSII).
Leaf samples were collected from the basal, middle and top stem of each experimental plant for the determination of chlorophyll (Chl a and Chl b) and carotenoid (Car) content in leaves. Top fully expanded leaves were further sampled for the determination of carbohydrates. Afterwards, all the remaining plant materials (basal, middle and top leaves, basal, middle and top scion's stems, rootstock's stem and roots) were collected and weighted (fresh weight; FW), washed initially with tap water and then twice with deionized water, oven-dried at 70 • C until constant weight (dry weight; DW).
Gas Exchange and Chlorophyll a Fluorescence Analyses
Gas exchange parameters [photosynthetic rate (A; µmol CO 2 m −2 s −1 ), transpiration rate (E; mmol H 2 O m −2 s −1 ), intercellular CO 2 concentration (C i ; µmol CO 2 mol air −1 ), stomatal conductance (g s ; mmol H 2 O m −2 s −1 ), instantaneous (A/E; µmol CO 2 * mmol H 2 O −1 ), intrinsic water use efficiency (A/g s ; µmol CO 2 * mmol H 2 O −1 ) and CO 2 use efficiency (A/C i ; [µmol CO 2 m −2 s −1 (µmol CO 2 mol air −1 )] were measured in basal, middle and top fully-expanded leaves (one leaf per plant; six plants per treatment) using a an Portable Infrared Gas Analyzer (mod. Li-6400; LI-COR Inc., Lincoln, NE, USA) in light-saturated conditions (1200 µmol photons m −2 s −1 ) and ambient CO 2 concentration (390 ± 5 µmol CO 2 mol air −1 ) at the end of experiment (116 days from the beginning of the treatments). Measurements were carried out in the morning (9:45-11:00 a.m.; solar time). In top leaves, light curve responses were measured at increasing Photosynthetic Active Radiation (PAR) intensities (0, 15, 30, 60, 120, 250, 500, 1000, 1500 or 2000 µmol m −2 s −1 ) whereas A/C i curves were measured at the following CO 2 concentrations: 0, 50, 100, 200, 400 or 600 mg L −1 . During the measurements, leaf temperature ranged between 24 and 26 • C and RH from 43 to 48%.
Chlorophyll a fluorescence parameters were measured in top leaves with a MINI-PAM fluorometer (Walz, Effeltrich, Germany) at PAR intensities, ranging from 0 to 2800 µmol photons m −2 s −1 in the top leaves of plants treated with either 25 or 400 µM B. Chlorophyll fluorescence parameters were measured in homogeneous top leaves used for gas exchange determinations. Values of F 0 and F m were measured in dark-adapted leaves (30 min) before and after a saturating pulse (8000 µmol m −2 s −1 for 1 s), whilst the maximal photosystem II (PSII) photochemical efficiency [F v /F m = (F m − F 0 )/F m ] and the operating PSII efficiency [Φ PSII = (F m ' − F s )/F m ' ] were calculated according to Genty et al. [26] .
The proportion of open reaction center, q P , was calculated according to Schreiber et al. [27] . The quantum yield of regulated (Φ NPQ ) or nonregulated (Φ NO ) photochemical energy loss in PSII and operational PSII efficiency (Φ PSII ) at increasing photon flux densities were determined as reported by Kramer et al. [28] based on the lake model. Electron transport rate (ETR) was calculated as reported in Guidi et al. [29] . Light-response curves were performed using a light ramp of nine steps from 0 to 2800 µmol m −2 s −1 using the light source supplied by the instrument.
Boron Concentration, Content and Distribution in Apple Organs
An aliquot (0.25-1.00 g) of dry plant parts (top leaves, top stem, basal leaves, basal stem, rootstock's stem, root) was dry-ashed for 5 h at 500 • C. The ashes were dissolved in 0.1 N HCl and B concentration was determined colorimetrically (420 nm) by using the Azomethine-H method [30] . Afterward, by multiplying the concentration of B in each plant part by the corresponding dry weight, the B contents in leaves, rootstock's and scion's stems and root as well as the total per plant B content were calculated. Finally, B partitioning to the scion (cultivar), rootstock and the ratio for B accumulation between aboveground and underground plant part were further computed.
Chlorophyll and Carotenoid Determinations
Fresh leaf samples (75 mg for each replication) were grinded in a cold mortar with 10 mL of cold acetone (80%; v/v), transferred in falcon tubes, kept in the dark for 1 h and in the meantime vortexed at 15 min intervals. After that, samples were centrifuged at 4400× g for 5 min at 4 • C. Chlorophyll and carotenoid concentrations were determined spectrophotometrically (Helios Gamma UV-Vis Spectrophotometer 9423 UVG, Unicam, UK) by collecting extract absorbance at 470 nm, 647 nm and 663 nm and using the equation described by Lichtenthaler 
Carbohydrate Determination
An aliquot of 30 mg of freeze-dried leaf tissues (derived from top leaves) were added to 2 mL of HPLC-grade water (Carlo Erba Reagents S.A.S, Val-de-Reuil, France) and vortexed for 20 sec. Then, extraction of the water-soluble carbohydrates was performed in a microwave oven for 2 min at 400 watts. After centrifugation (4400× g for 10 min at 4 • C), the supernatant was removed and the process was repeated twice. The two supernatants were pooled together and filtered by using syringe filters (0.2 µM pore size). HPLC analyses were performed in isocratic mode using a HPLC pump (model 510 Waters, Milford, MA, USA) equipped with an HP refractive index-RI (HP 1047A, HP, Palo Alto, CA, USA). The mobile phase consisted of HPLC grade water. An aliquot (20 µL) of extract was injected into an Agilent HI-PLEX Ca 2+ column (7.7 × 300 mm, 8 µm/Mobile phase 100% H 2 O, flow rate 0.6 mL min −1 , temperature 80 • C, detector: Refractive Index) (Agilent, Santa Clara, CA, USA). The processing of the chromatograms was done by means of Peak Simple Chromatograpy Data System consisting in a hardware (Model 302, SRI Instruments, Bad Honnef, Germany) and the Peak Simple 4.51 chromatography acquisition and integration software for Windows (SRI Instruments, Bad Honnef, Germany). Sucrose, glucose, fructose, sorbitol and mannitol content were determined by fitting values to reference curves done with HPLC pure grade standards.
Statistical Analysis
Experiments were set up following a completely-randomized experimental design. All data were subjected to Bartlett's test to assess homoscedasticity of data across populations. Differences between treatments, for each parameter under study, were then evaluated using the Student's t-test (p ≤ 0.05). All the statistical analyses were carried out using the SPSS-17 software (SPSS INC., Chicago, IL, USA).
Results

Plant Growth and B Allocation Patterns
High concentration of B in the nutrient solution (400 µM) caused a significant reduction in root biomass in terms of DW compared to 25 µM B-control treatment (dry weight; was 63.3 g; Table 1 ). Measurements of aboveground plant parts, such as leaves, scion's stems and rootstock's Agronomy 2019, 9, 731 5 of 17 stem, did not show any biomass changes between the two B treatments, but the ratio between aboveground/underground plant biomass was significantly increased in B-excess treated plants with respect to controls (Table 1) . Even though the aboveground biomass was not affected by the increased B levels in the nutrient solution, a noticeable increase of B levels (µg g −1 DW) was observed in leaves, scion's stem, rootstock's stem and root at 400 µM B compared to 25 µM B ( Table 2 ). As expected and irrespectively of B treatment, B accumulated principally in top leaves and stem, followed by middle and basal leaves and stem, as typically occur in polyol-translocating species (Table 2) . Specifically, in both 25 µM and 400 µM B-treatments, B concentrations at the top sample of leaves (88.9 and 441.2 µg g −1 DW, respectively) and scion's stem (59.8 and 458.3 µg g −1 DW, respectively) were dramatically higher compared to middle and even greater compared to basal leaves (47.1 and 268.9 µg g −1 DW, respectively) and scion's stem (35.1 and 254.1 µg g −1 DW, respectively) samples. In terms of absolute values (not as concentrations), B accumulation (µg) at total plant level was approximately 6.4-fold higher in plants treated with 400 µM B as compared to controls. B content-quantity (µg) on root, stems of rootstock and scion and leaves was also significantly increased in high B treatment compared to controls, though the ratio between B content of aboveground to underground plant part was similar in both B treatments ( Table 2 ). Mean ± S.E., n = 8; Each replicate (n) corresponds to a different plant per B treatment. *, **, *** Significant differences at p < 0.05, p < 0.01 or p < 0.001, respectively; n.s., non-significant differences.
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Gas Exchange, Chlorophyll Fluorescence Parameters and Photosynthetic Pigments
As reported in Figure 1 , leaf photosynthetic parameters were significantly affected by B excess in a wide range of 0 to 2000 PAR in top leaves.
Rootstock
2038.98 ± 291.55 12955.42 ± 2159.34 * Aboveground/underg round plant part 2.26 ± 0. 35 2.39 ± 0.6 n.s.
Mean ± S.E., n = 8 Each replicate (n) corresponds to a different plant per B treatment. *, **, *** Significant differences at p < 0.05, p < 0.01 or p < 0.001, respectively; n.s., non-significant differences.
Gas Exchange, Chlorophyll Fluorescence Parameters and Photosynthetic Pigments
As reported in Figure 1 , leaf photosynthetic parameters were significantly affected by B excess in a wide range of 0 to 2000 PAR in top leaves. The effect was evident in terms of reduction of A ( Figure 1A , Table 3 ), g s ( Figure 1B , Table 3 ) and E ( Figure 1C , Table 3 ), whilst C i was not affected by B excess ( Figure 1D , Table 3 ). Conversely, concerning the leaf photosynthetic parameters, no alterations were observed in basal leaves. However, important changes were observed in middle leaves, where the values of A, g s and E were significantly lowered in 400 µM B-treated plants versus controls but to a lesser extent compared to the top leaves (Table 3) . Table 3 . Net photosynthesis (A; µmol CO 2 m −2 s −1 ), stomatal conductance (g s ; mmol H 2 O m −2 s −1 ), intercellular CO 2 concentration (C i ; µmol CO 2 mol air −1 ), transpiration rate (E; mmol H 2 O m −2 s −1 ), intrinsic water use efficiency (A/g s ; µmol CO 2 * mmol H 2 O −1 ), CO 2 use efficiency (A/C i ; µmol CO 2 m −2 s −1 /(µmol CO 2 mol air −1 ) and instantaneous water use efficiency (A/E; µmol CO 2 * mmol H 2 O −1 ) in top, middle and basal leaves of control (25 µM B) and high B-treated (400 µM B) apple plants. Measurements were carried out under steady levels of CO 2 (390 mg L −1 ) and PAR (1200 µmol m −2 s −1 ). When the same parameters were assessed in the top leaves at different CO 2 levels, ranging from 50 to 600 mg L −1 , significant impairment was observed in 400 µM B-treated plants in the values of A, g s and E in all CO 2 levels (Figure 2A -C), C i values were increased in 400 µM B-treated plants compared to controls ( Figure 2D ) and the values of intrinsic and instantaneous water use efficiency (Figure 2E ,F, respectively) were impaired at 400-600 mg L −1 CO 2 levels. Figure 3A) , caused by an increase of F0 ( Figure 3B ) and unchanged level of Fm ( Figure 3C ). Dramatic alterations were also observed in 400 μM B-treated plants where ETR ( Figure 3D ), ΦPSII ( Figure 3E ) and qp ( Figure 3F Figure 3A) , caused by an increase of F 0 ( Figure 3B ) and unchanged level of F m (Figure 3C ). Dramatic alterations were also observed in 400 µM B-treated plants where ETR ( Figure 3D ), Φ PSII ( Figure 3E ) and q p ( Figure 3F Values of Chl a, Chl b, Chl a + b and total carotenoid were significantly impaired by B excess in top leaves, except Chl a/b ratio which was substantially unchanged ( Table 4 ). The measurements of the photosynthetic pigments in the middle and basal leaves did not show in total any alterations between the two B treatments, whereas only a slight increment of Chl a/b ratio was promoted by B excess in basal leaves (Table 4 ). Values of Chl a, Chl b, Chl a + b and total carotenoid were significantly impaired by B excess in top leaves, except Chl a/b ratio which was substantially unchanged ( Table 4 ). The measurements of the photosynthetic pigments in the middle and basal leaves did not show in total any alterations between the two B treatments, whereas only a slight increment of Chl a/b ratio was promoted by B excess in basal leaves (Table 4 ). 
Plant Part
Soluble Sugars
As demonstrated in Table 5 , apple plants treated with 400 µM B showed reduced sucrose concentration whereas their glucose and fructose concentrations were enhanced, which explains the increment of non-trans/total sugar ratio. Conversely, non-significant differences were observed concerning the total values of translocated sugars, even though some changes occurred in translocated sugar profile of 400 µM B-treated plants. The ratios of trans/total sugars and sucrose/fructose + glucose content also showed significant reduction (Table 5 ). 
Discussion
Boron effects are principally addressed to mature tissues in those plant species where B is essentially immobile into the phloem and it moves solely following the transpiration stream. Conversely, in sugar-alcohol translocating species, including apple tree B is readily remobilized to sink organs by the phloem flux via B-polyol complexes [21] and accumulated principally in young tissues with a negative gradient from the top (higher B concentration) to the basal parts of plants (lower B concentration), which is in accordance with our results. In the present experiment, two aspects should be noted in terms of B accumulation and translocation within the plant. Firstly, scion's stem accumulated comparatively much more B (µg) than leaves, irrespective of B treatment (25 or 400 µM). Moreover, in comparison to 25 µM B treatment, B content (µg) in plants treated with 400 µM B was 7.24-fold higher in scion's stem, 6.81 in rootstock's stem, 5.19 in leaves and 4.17 in roots. Our results clearly reveal the key role of apple stem in preserving the leaves, especially the younger (top) ones, from more severe B accumulation. The ameliorative role of apple stem is correlated with the different biomass accumulated in different plant organs, which contributes in mitigating the B concentration in organ with higher biomass (e.g., scion's stems vs. leaves). B concentration is indeed similar in scion's stem and leaves but scion's stem had a 2-fold higher amount of B. This is in accordance with [32] who observed that in condition of B excess, species which produce polyalcohols accumulated B principally in stems rather than in older leaves, where B typically accumulates in sucrose-translocating species. Papadakis et al. [25] also observed that the phloem is the site of higher concentration of B in loquat plants, suggesting that it represents a mechanism of plant adaptation to B excess through binding and immobilizing B within the cell walls of the newly formed non-photosynthesizing phloem tissues, preserving other tissues to harmful effects to B toxicity. Secondly, comparing 400 with 25 µM B treatment, the gradient of the increment of B concentrations in plant stem level was positive from the base to the top of the plant (+536% in rootstock's stem and +624, +639 or +667% in basal, middle and top scion's stem, respectively). The opposite gradient was a fact for the leaves, i.e., +471, +407 and +396% in basal, middle and top leaves, respectively. Both these patterns of B accumulation are likely an attempt adopted by the plants to limit B-triggered damages to young leaves. If from one side it can reduces B-triggered damages, especially to young leaves, it does not preserve completely the plants that at the end of treatments showed chlorotic top leaves and brown spots in the top part of stems as first visible symptom of B toxicity.
Toxic effects of B excess on plant biomass only consisted in a reduction of root biomass and an imbalance of aboveground/underground plant ratio, whereas unchanged total biomass production of B-excess treated plants is likely attributable to the exposure time which was not sufficient to cause such variation.
The reduction in root growth observed in apple plants could be dependent to an excessive lignification of the cell wall, which is a known phenomenon induced by B excess in several herbaceous and perennial species [33] [34] [35] [36] , mainly attributable to a reduction of cell wall extensibility. However, Ghanati et al. [35, 36] suggested that cell wall lignification was not the main responsible of root growth inhibition, but conversely it was a defense reaction aimed at reducing B uptake and limiting/delaying its negative effects on plant growth.
Moreover, in agreement to the results presented herein, studies on barley and wheat highlighted that root biomass was impaired more than the shoot under condition of B excess [37, 38] . Similarly, Sheng et al. [39] , in orange scion-rootstock combination, observed that under B excess conditions the stronger reductions in dry biomass were found in roots than in other plant parts, indicating that in comparison to other tissues roots were more sensitive to toxic effect of B.
Despite the low reduction in total biomass observed on apple plants, the study of the leaf physiology and biochemistry highlight that B excess promoted multiple biochemical and physiological alterations.
Although the physiological basis for B toxicity has not been fully elucidated, three main causes have been proposed, taking into account the ability of B to bind compounds with cis-hydroxyl groups: (i) changes of cell wall structure; (ii) metabolic impairments caused by B bindings to the ribose-containing compounds, such as ATP, NADH and NADPH; and (iii) alteration of cell division and development by binding directly to ribose (as a simple polyol) or within ribose contained in RNA [23, 40] . Plants subjected to B stress usually exhibit altered sugar metabolism and, in particular, results of the present experiment highlight that B excess induced accumulation of non-translocating sugars, glucose and fructose, in apple tree leaves [25, 40] . However, the level of sugars sensu lato (including polyols) was not significantly altered by B excess and this is principally dependent to unchanged levels of sorbitol (the most abundant sugar alcohol in apple tree leaves) and to the reduction of sucrose concentrations found in leaves of 400 µM B treated plants as compared to those of controls. The fact that the level of translocating sugars (sum of sucrose and sorbitol) was similar in both control and B-stressed plants, while non-translocating sugar accumulation (glucose and fructose) was only promoted by B excess, is the reason behind the unbalance of the ratios Trans/Non-trans, Trans/Total, Non-trans/Total sugars observed between controls and B-excess treated plants.
Accumulation of soluble sugars and reduction of sucrose level is a common response observed in plant species in reaction to B excess [12, 25, 41] that can be attributed to the cleavage of sucrose in favor of simpler reducing sugars [42] . This reaction was likely dependent to both the reduction of the photosynthetic level of top leaves, which were compromised by B toxicity, as well as the impairment of phloem functionality, which can cause downregulation of the biosynthesis of sucrose by source (mature) leaves [41, 43] . The biosynthesis of fructose is essential for the biosynthesis of many defensive compounds [44] and this can explain higher level of phenolic compounds (including for example anthocyanins [14] ), ascorbic acid and glutathione [12, 14] found in B-stressed plants. The accumulation of molecules with powerful antioxidant properties is useful to counteract B-triggered reactive oxygen species (reviewed by [45] ). In addition, in a recent paper Lewis [46] proposed that B is and always has been, potentially toxic for plants and the author hypothesized that B as well as phenolics (compounds considered toxic for cellular metabolism) are strictly related and plants have evolved the ability to mitigate adverse effects of both B and phenolics by chemical (as organic complexes: cis-diols for B and lignin for phenolics) and physical (into vacuoles/apoplast) sequestration. Therefore, formation of B complexes in the cell wall is a detoxifying mechanism and not an evidence of B essentiality.
Differently to fructose, a huge body of reports show that glucose acts as an osmolyte in plants subjected to environmental cues (reviewed by [47] ), but there is no information whether B toxicity in leaves is caused principally by osmotic stress [23] . Glucose is a key substrate for cellular respiration as well as a signaling molecule in plants whih experience stressful conditions [47, 48] . For example, several genes related to photosynthesis are down-regulated by glucose-induced phosphorylation [43, 48] .
Moreover, it has been reported that soluble sugars accumulation (among them glucose and fructose) induce a negative regulation of genes involved in photosynthesis, including the expression of genes involved in the Calvin cycle [49] [50] [51] . Guo et al. [52] also found that the effect of B toxicity in citrus consisted in both the decrease of CO 2 assimilation and the expression of genes related to photosynthesis and carbohydrate metabolism (e.g., Rubisco and ADP-glucose pyrophosphorylase). This may thus cause, even under normal conditions of illumination, a transient poor recycling of NADP + and excessive electron transfer that may lead to the production of reactive oxygen species.
In our experiment, first evidences of an impairment of photosynthetic process started 29 days after the beginning of experiment only in top leaves, whereas only at the end of experimental trial (i.e., 116 days after its beginning) reduction of A and g s were also observed in middle leaves. Noteworthy, although basal leaves also accumulated significant amount of B (269 µg g −1 DW), no changes were observed in photosynthesis at the end of B treatment. The reduction of photosynthetic rate in top leaves was partially attributable to stomatal limitation (severe reduction of g s ) which impair the diffusion of CO 2 to carboxylation sites. Most available reports highlight that B is directly or indirectly responsible for stomata closures given that stomatal limitations were reported in some cases [53] [54] [55] [56] , whilst this stomata reaction has not been observed in others [57] . This suggests that this stomatal reaction to B excess is a species-specific responsive trait and/or a characteristic which depends to specific experimental conditions (which affect B accumulation/transport) and leaf age (reviewed by [45] ). Results of gas exchange show that stomata closure was not the only cause of A reduction, given that carbon use efficiency at ambient CO 2 (A/Ci) was decreased in B-stressed plants. In addition, A/C i curves reveal that under non-limiting CO 2 supply (e.g., 600 ppm), 400 µM B treated plants did not recover completely their level of A. Biochemical limitations also emerge from light curves at increasing irradiances, which reveal that A increased until 1500 µmol m −2 s −1 in controls while only at 1000 µmol m −2 s −1 PAR in B-stressed plants.
Boron stress typically promotes multiple biochemical limitations, which are considered the main constrains in the impairment of the photosynthetic process [11, 14] , as described below for this experimental trial. Firstly, we speculate that the decline of the carboxylation efficiency is dependent to the effect of B on ribulose, which is another cis-diol compound able to bind to B ions [23] , or to the accumulation of glucose/fructose which can be responsible for feedback regulation of photosynthesis [58] . Secondly, the photoinhibition dected in leaves, associated with increased values of F 0 (whilst F m values remained unchanged) in B excess treated plants, highlight some damages to light harvesting complexes of PSII (LHCIIs) and PSII reaction centers (RCIIs). In particular, F 0 originates primarily from the LHCII, while F m is associated with the reduction/oxidation state of the primary quinone electron acceptor of PSII (Q A ). However, an accumulation of reduced Q A has been also proposed to explain the induced increase of F 0 [59] . Our dataset does not allow to describe the specific reason behind the increase of F 0 values, but it is conceivable that in a general way the increase of F 0 can be due to a decrease of the other paths of PSII deactivation: photochemistry and internal conversions. In agreement, in the present experiment the severe reduction of chlorophyll content found in top leaves of B excess treated plants might be on the base of the reduction of light harvested and the decreased photon flux to RCII in those young leaves, associated with a reduction in the rate of ATP and NADPH consumption necessary for CO 2 assimilation by Calvin-Benson cycle (confirmed by reduced levels of CO 2 use efficiency). This resulted in decreases in ETR values, especially when Mehler reaction (and operation of the water-water cycle sensu lato) and photorespiration does not compensate the lower rate of Calvin-Benson cycle [60] . Beside the lower photon flux tunnel to photochemistry, lower values of Φ PSII suggested some damages to RCII, which are connected to over-reduction of Q A as revealed by lower values of q P .
In relation to the partitioning of absorbed energy between controlled (Φ NPQ ) and non-controlled dissipative mechanisms (Φ NO ) we did not observe any alteration in B-stressed plants at increasing irradiances when compared to their respective controls. Φ NO represents the proportion of energy that is passively dissipated in the form of heat and fluorescence, whereas Φ NPQ corresponds to the fraction of energy dissipated in the form of heat via the regulated photoprotective NPQ mechanisms [61, 62] . Under saturating light intensities, the inability of plants to increase the level of Φ NO and Φ NPQ is supportive for the sub-optimal capacity of photoprotection, which eventually leads to photodamage and photoinhibition, in most cases shifting from dynamic to chronic photoinhibition [61] . Responsive plants, in response to environmental stresses, tend indeed to maximize values of Φ PSII , with the remaining loss 1 − Φ PSII should be dissipated by both regulated and non-regulated mechanisms, aimed in maximizing the ratio of Φ NPQ /Φ NO , as occurred in B-stressed sweet basil plants [14] . This inability is likely connected to the severe reduction of total carotenoids observed in top leaves of apple tree B-stressed plants.
Altogether, these results are supportive for strong damages induced by B toxicity to the photosynthetic machinery. Therefore, gas exchanges and chlorophyll fluorescence parameters variations described in the present manuscript can be used as screening methodologies for detection of high-B stress in apple tree plants.
Conclusions
This dataset highlights that high-B stress did not cause severe impairments in aboveground plant biomass at the end of the experimental period, but it provokes the perturbation of multiple physiological and biochemical parameters in apple plants. Irrespective of B treatment, B accumulation followed a gradient from the top to the basal plant tissues (leaves, stems), with the highest increment of B concentration found in upper part of the shoot (stem > leaves). Alterations in sugar patterns were observed in which a shift from the production of sucrose to that of glucose and fructose was found. Reduction of plant performances included both stomata and non-stomata limitation. In particular, damages to photosystem II reaction centers, associated to lower level of chlorophylls and carotenoids are the main reasons of photoinhibition of high-B-treated plants. However, some specific effect of boron-polyol complexes [e.g., complexation of B to ATP and NAD(P)H] cannot be excluded as further reasons of the impairment of the photosynthetic process. In conclusion, the present manuscript adds new insights to the comprehension of the effect of B excess in apple tree and the severe alteration of photosynthetic processes as well as sugar metabolism in leaves raises possible concerns for the fruit production of this widely cultivated species in condition of B excess, which need future research. 
